The HPV oncoproteins E6 and E7 are consistently expressed in HPV-associated cancer cells and are responsible for their malignant transformation. Therefore, HPV E6 and E7 are ideal target antigens for developing vaccines and immunotherapeutic strategies against HPV-associated neoplasms. Recently, it has been demonstrated that codon optimization of the HPV-16 E7 gene resulted in highly efficient translation of E7 and increased the immunogenicity of E7-specific DNA vaccines. Since vaccines targeting E6 also represent an important strategy for controlling HPV-associated lesions, we developed a codon-optimized HPV-16 E6 DNA vaccine (pNGVL4a-E6/opt) and characterized the E6-specific CD8 + T cell immune responses as well as the protective and therapeutic anti-tumor effects in vaccinated C57BL/6 mice. Our data indicated that transfection of human embryonic kidney cells (293 cells) with pNGVL4a-E6/opt resulted in highly efficient translation of E6. In addition, vaccination with pNGVL4a-E6/opt significantly enhanced E6-specific CD8 + T cell immune responses in C57BL/6 mice. Mice vaccinated with pNGVL4a-E6/opt are able to generate potent protective and therapeutic antitumor effects against challenge with E6-expressing tumor cell line, TC-1. Thus, DNA vaccines encoding a codon-optimized HPV-16 E6 may be a promising strategy for improving the potency of prophylactic and therapeutic HPV vaccines with potential clinical implications.
Introduction
Human Papillomavirus (HPV) infects large numbers of women worldwide and is present in more than 99% of all cervical cancers [1] . The HPV oncoproteins E6 and E7 are consistently expressed in HPV-associated cancer cells and are responsible for their malignant transformation. Therefore, HPV E6 and E7 are ideal target antigens for developing vaccines and immunotherapeutic strategies against HPV-associated neoplasms. In the past, most HPV researchers have focused on E7, and therefore many E7-specific vaccines have been developed and characterized [2] . In comparison, relatively few vaccines targeting E6 have been reported. Since E6 represents another important target antigen for vaccines against HPV-associated lesions, there is strong interest in developing HPV vaccines employing E6.
DNA vaccines targeting the E6 antigen offer a potentially effective approach to prevent and control E6-expressing tumors. DNA vaccines represent a promising strategy for generating antigen-specific immunotherapy because of their simplicity, stability, safety, and capacity for repeated administration [3] [4] [5] [6] 7] . Intradermal administration of DNA vaccines by means of a gene gun represents an efficient means of targeting dendritic cells, the most potent professional antigen-presenting cells, which are specialized to prime helper and killer T cells in vivo [8, 9] . Using intradermally administered DNA vaccines, we have previously tested several strategies for modifying the properties of dendritic cells to enhance antigen presentation through the major histocompatibility complex (MHC) class I and class II pathways [10] .
One strategy to enhance DNA vaccine potency is codon optimization. This strategy has been shown to enhance protein expression in several biological systems. This is accomplished by modification of codon composition to affect translational efficiency. Findings from several studies suggest that viral codon usage modified to resemble human gene codon usage can lead to an increased expression of the viral protein, as has been observed in the L1 and L2 capsid proteins of bovine papillomavirus type 1 as well as HPV-16 E7 protein [11, 12] . The reported increase in HPV-16 E7 protein expression has also been shown to enhance the immunogenicity of E7-specific DNA vaccines. Liu et al. [13] previously demonstrated that a DNA vaccine encoding a codon-optimized HPV 16 E7 gene enhanced E7-specific cytotoxic T cell responses (CTL) and antitumor effects in vaccinated C57BL/6 mice. Similarly, Steinberg et al. [14] demonstrated that codon optimization of the HPV-16 E7 gene resulted in highly efficient translation of E7 as measured in transfection studies and increased the efficiency of CTL responses in vaccinated C57BL/6 mice. These findings demonstrate that codon optimization has been effectively used to enhance the immunogenicity of E7-specific DNA vaccines.
Since both E7 and E6 are consistently expressed in HPV infections and HPV-associated malignancies, the codon optimization of the E6 gene represents a potential alternate approach to eliciting HPV-specific antitumor effects. Therefore, we developed a codon-optimized HPV-16 E6 DNA vaccine (pNGVL4a-E6/opt) and characterized the resultant E6-specific CD8 + T cell immune responses in vaccinated C57BL/6 mice. We also assessed the protective and therapeutic anti-tumor effects generated by our DNA vaccine against challenge with an E6-expressing tumor cell line (TC-1) described previously [15, 16] 
Methods

Mice
C57BL/6 mice (6-8-week-old) were purchased from the National Cancer Institute (Frederick, MD). All animals were maintained under specific pathogen-free conditions at the Johns Hopkins Hospital (Baltimore, MD). All procedures were performed according to approved protocols and in accordance with recommendations for the proper care of laboratory animals.
Cells
Briefly, TC-1 cells were obtained by co-transformation of primary C57BL/6 mouse lung epithelial cells with HPV-16 E6 and E7 and an activated ras oncogene as described previously [15] . The expression of E6 in TC-1 cells has also been characterized previously [16] .
DNA constructs
To generate pNGVL4a-E6, E6 was isolated from pcDNA3-E6 [17] and cloned into pNGVL4a vector. To generate pNGVL4a-E6/opt, codonoptimized E6 synthesized by GenScript Corporation (Piscataway, NJ) was cloned into EcoRI/ BamHI of pNGVL4a vector. The DNA and amino acid sequences of the wild-type E6 gene as well as the codon-optimized E6 were fully sequenced.
Western blot analysis
Two-hundred and ninety three cells (from ATCC) were transiently transfected with pNGVL4a, pNGVL4a-E6, or pNGVL4a-E6/opt using Lipofectamine 2000 (Gibco, USA). At 24 h after transfection, the cells were lysed in Mammalian Protein Extraction Reagent (M-PER) (Pierce, Rockford, IL, USA) based on the manufacturer's instruction. Equal amounts (50 lg) of protein were loaded and separated by SDS-PAGE using a 10% polyacrylamide gel and blotted onto a PVDF membrane. After blocking, the membrane was incubated with rabbit anti-HPV-16 E6 polyclonal antibody for 2 h at room temperature, washed and incubated with horseradish peroxidase (HRP)-conjugated donkey anti-rabbit Ig (for E6) (Amersham Biosciences, UK). The blot was then washed and detected using chemiluminescence (ECL kit, Amersham, Arlington Heights, IL, USA). The other set of membrane was incubated with primary mouse anti-actin antibody (Sigma) and then incubated with horseradish peroxidase (HRP)-conjugated donkey anti-mouse Ig.
DNA vaccination
DNA-coated gold particles were prepared, and gene gun particle-mediated DNA vaccination was performed, according to a protocol described previously [18] . Gold particles coated with pNGVL4a, pNGVL4a-E6 or pNGVL4a-E6/ opt were delivered to the shaved abdominal regions of mice by using a helium-driven gene gun (Bio-Rad Laboratories Inc., Hercules, Calif.) with a discharge pressure of 400 lb/in2. Mice were immunized with 2 lg of the DNA vaccine and received two boosts with the same dose at 1-week interval. Splenocytes were harvested 1 week after the last vaccination.
Intracellular cytokine staining and flow cytometry analysis
Pooled splenocytes from the vaccinated mice were harvested 1 week after the last vaccination and incubated overnight with 1 lg/ml of the E6 peptide (aa50-57) [17] in the presence of GolgiPlug (BD Pharmingen, San Diego, CA, USA) (1 ll/ml). The stimulated splenocytes were then washed once with FACScan buffer and stained with phycoerythrin-conjugated monoclonal rat anti-mouse CD8a (clone 53.6.7). Cells were subjected to intracellular cytokine staining using the Cytofix/Cytoperm kit according to the manufacturer's instruction (BD Pharmingen, San Diego, CA, USA). Intracellular IFN-c was stained with FITC-conjugated rat anti-mouse IFN-c. All antibodies were purchased from BD Pharmingen. Flow cytometric analysis was performed using FACSCalibur with CELLQuest software (BD Biosciences, Mountain View, CA, USA).
In vivo tumor protection experiment
For in vivo tumor protection experiment, C57BL/6 mice (five per group) were immunized via gene gun with 2 lg of pNGVL4a, pNGVL4a-E6, or pNGVL4a-E6/opt. Mice were boosted twice with the same regimen as that used in the first vaccination. One week after the last vaccination, mice were challenged with 5 Â 10 4 TC-1 tumor cells/ mouse subcutaneously in the right leg and monitored once a week by inspection and palpation.
In vivo tumor treatment experiment
For in vivo tumor treatment experiment, 1 Â 10 4 TC-1 tumor cells were injected into 5-8-week-old C57BL/6 mice (five per group) via tail vein. After 3 days, the mice were immunized with the DNA vaccines as described above. After 1 week, these mice were boosted once with the same immunization regimen. At 28 days after tumor challenge, the mice were killed, and the lung tumor nodules were counted. Data are expressed as the mean number of lung nodules ± standard error (s.e.). The data shown here represent one of the two experiments performed.
Statistical analysis
All data expressed as means ± s.e. are representative of at least two different experiments. Data for intracellular cytokine staining with flow cytometry analysis were evaluated by ANOVA. Comparisons between individual data points were made using a Student's t-test. For statistical analysis of the tumor protection experiment, we used Kaplan-Meier analysis. Figure 1 , Western blot analysis revealed a band in cell lysates from pNGVL4a-E6/opt-transfected cells but not from pNGVL4a-or pNGVL4a-E6-transfected cells.
Results
Transfection of cells
Since the E6 expression in cells transfected with pNGVL4a-E6 was barely detectable, it was difficult to estimate the fold increase in E6 expression resulting from the transfection of cells with pNGVL4a-E6/opt. The fact that a significant level of E6 expression was detected in pNGVL4a-E6/ opt-transfected cells indicates that codon optimization of the E6 gene can markedly enhance E6 expression.
Vaccination with pNGVL4a-E6/opt generates E6-specific CD8 + T-cell immune responses in C57BL/6 mice Since we have successfully generated a codonoptimized E6 DNA vaccine (pNGVL4a-E6/opt) that enhances the expression of HPV-16 E6, we next explored whether C57BL/6 mice vaccinated with pNGVL4a-E6/opt could generate E6-specific CD8 + T-cell immune responses. We vaccinated mice thrice with pNGVL4a, pNGVL4a-E6 or pNGVL4a-E6/opt using the same dose and vaccination regimen for each construct. To assess the quantity of E6-specific CD8 + T cell precursors generated by each of the various DNA constructs, we performed intracellular cytokine staining followed by flow cytometric analysis using splenocytes derived from the immunized mice at 7 days after the last (third) vaccination. As shown in Figure 2 , mice vaccinated with pNGVL4a-E6/opt generated the highest number of E6-specific CD8 + T cells (273 ± 24/3 Â 10 5 splenocytes) compared to mice vaccinated with pNGVL4a (4 ± 2/3 Â 10 5 splenocytes) or pNGVL4a-E6 (6.5 ± 2/3 Â 10 5 splenocytes) (one-way analysis of variance (ANO-VA), p < 0.01). Thus, our data suggest that vaccination with codon-optimized E6 DNA can generate more potent E6-specific CD8 + T cell immune responses compared to wild-type E6 DNA vaccination.
Vaccination with pNGVL4a-E6/opt generates protective antitumor effects against challenge with an HPV-16 E6-expressing tumor cell line, TC-1
To determine whether the pNGVL4a-E6/opt vaccine can also provide protection against E6-expressing tumors in vaccinated mice, we immunized C57BL/6 mice thrice with pNGVL4a, pNGVL4a-E6 or pNGVL4a-E6/opt using the same dose and vaccination regimen for each construct. After the last vaccination, the mice were subcutaneously challenged with an HPV-16 E6-expressing tumor cell model, TC-1 [15] and monitored for evidence of tumor growth by inspection and Figure 1 . Western blot analysis to detect the expression of HPV-16 E6 protein in human embryonic kidney cells (293) transfected with various DNA constructs. 293 cells were transfected with 2 lg of an empty DNA construct (pNGVL4a), DNA encoding a wild-type E6 gene (pNGVL4a-E6) or DNA encoding a codon-optimized E6 gene (pNGVL4a-E6/opt). Western blot analysis was performed with 50 lg of cell lysates 24 h after transfection. E6 expression was detected using rabbit anti-HPV16-E6 polyclonal antibody and HRP-conjugated donkey anti-rabbit Ig for E6 (Amersham Biosciences). Actin was used as a control to indicate that equal amounts of cell lysates were loaded. (a) Detection of E6 expression in cells transfected with pNGVL4a, pNGVL4a-E6 or pNGVL4a-E6/opt. (b) Detection of actin expression in cells transfected with pNGVL4a, pNGVL4a-E6 or pNGVL4a-E6/opt. palpation twice a week. As shown in Figure 3 , 60% of mice immunized with codon-optimized E6 DNA remained tumor-free 63 days after TC-1 tumor challenge. In contrast, 100% of the mice immunized with the empty DNA construct or DNA encoding wild-type E6 exhibited tumor growth within 63 days after TC-1 tumor challenge (Kaplan-Meier Analysis, p < 0.01). These data suggest that DNA encoding a codon-optimized E6 gene can generate enhanced protective effects against E6-expressing tumors in mice compared to DNA encoding a wild-type E6 gene.
Treatment with pNGVL4a-E6/opt generates therapeutic anti-tumor effects against TC-1 tumor cells
The therapeutic potential of each vaccine was assessed by performing an in vivo tumor treatment experiment using a previously described lung hematogeneous spread model. Mice were challenged with TC-1 tumor cells via tail vein injection followed by treatment with DNA vaccines. As shown in Figure 4 , C57BL/6 mice treated with pNGVL4a-E6/opt exhibited the lowest mean number of pulmonary tumor nodules (17±6), significantly lower than mice treated with pNGVL4a (120 ± 22) or pNGVL4a-E6 (108 ± 27) (one-way analysis of variance (ANOVA), p < 0.01). These data indicate that treatment with pNGVL4a-E6/ opt generates the most potent antitumor effect against E6-expressing tumors compared to treatment with pNGVL4a or pNGVL4a-E6.
Discussion
In the current study, we investigated the feasibility of using a codon-optimized HPV-16 E6 gene for enhancing the potency of a DNA vaccine intended to prevent or control HPV-associated neoplasms. Codon optimization of the E6 gene resulted to increased E6 expression and strong E6-specific CD8 + T cell immune responses in C57BL/6 mice. Furthermore, vaccination with DNA encoding a codon-optimized E6 gene generated strong protective anti-tumor effects against challenge with E6-expressing tumors and therapeutic effects against established E6-expressing tumors. Altogether, these findings suggest that codon optimization of the E6 gene may be a promising strategy to prevent and control HPV-associated neoplasms.
The observed enhancement in E6 protein expression by codon optimization is likely contributed by the increased translation of E6 mRNA, although we cannot completely exclude the contribution from better RNA transcription or stability. In one study, the ratios of mRNAs from Cos-1 cells transfected with wildtype E7 or codon-optimized E7 normalized using b-actin as internal standard transcription were found to be 1:1.3 (wild-type E7: codon-optimized E7), but the E7 protein expression was dramatically different. Thus, it was concluded that the observed enhancement in E7 expression by codon optimization was a consequence of improved E7 mRNA translation, rather than increased E7 mRNA transcription or better E7 mRNA stability [13] .
To date, studies have not fully addressed the underlying mechanisms accounting for limited HPV protein expression without codon optimization. One explanation may derive from the differences in codon usage between HPV and human genes. HPV-16 genes usually have a high rate of A or T content at the third sequence, which infrequently occurs in human genes. In comparison to humans, HPV-16 genes also have a markedly lower G + C content at the third sequence [11] . Previous experiments modifying the codon compositions of some viruses to resemble typical mammalian genes demonstrated efficient viral protein translation [12, 19, 20] . It is conceivable that the divergence of viral codon usage from mammalian gene codon usage results in insufficient viral tRNAs for viral protein translation [11, 12, [21] [22] [23] . Thus, the codon optimization of viral gene can facilitate the usage of mammalian tRNA for viral protein translation.
While enhanced E6 translation may account for the increase in E6 protein expression, leading to better immune responses, it is also be possible that cytokine release induced by immunostimulatory CpG motifs may have enhanced the generation of CTL responses. It has been shown that linkage of these motifs to plasmid DNA or protein immunogens enhances innate immune response characterized by cytokine release and boosts antigen-specific immune responses [13, 24] . Since codon optimization may increase number of typical immunostimulatory CpG motifs within the E6 gene, we cannot exclude the possibility that these motifs may have also promoted the antigen-specific immune responses.
The encouraging results from this study suggest that codon optimization may also be used to enhance the potency of DNA vaccines targeting multiple tumor antigens. For instance, since E6 and E7 are both important for the malignant transformation of HPV-associated neoplasia and are coexpressed in nearly all HPV-associated tumors, both antigens represent ideal candidates for codon optimization. We have previously demonstrated that coadministration of CRT/E6 and CRT/E7 vaccines generates a better anti-tumor effect compared to the administration of either CRT/E6 DNA or CRT/E7 DNA [25] . In view of this observation, it is likely that a combination of DNA vaccines encoding codon-optimized E6 and codon-optimized E7 may provide more potent antitumor effects than vaccination with codon-optimized E6 alone.
In summary, our data suggest that codon optimization of E6 leads to the increased expression of E6, resulting to the enhancement of DNA vaccine potency by generating stronger CD8 + T cell immune responses as well as more potent protective and therapeutic antitumor effects. These observations suggest that it may be desirable to consider evaluating the efficacy of DNA vaccines simultaneously encoding multiple codon-optimized genes, such as E6 and E7. In addition, the use of codon optimization in conjunction with other vaccination strategies represents a potential opportunity for future clinical translation of powerful prophylactic and therapeutic treatments for controlling HPV-associated lesions. The safety issue associated with the clinical translation of DNA vaccines encoding the oncogenic antigens E6 and E7 can be overcome by using mutant, attenuated versions of E6 and E7.
